Wrinkle ridges in the smooth plains of the Coprates and Lunae Planum regions of Mars form linear or concentric patterns with a regular spacing of 25-50 km. We test the hypothesis that the periodic development of deformation was a consequence of unstable horizontal compression, that occurred prior to probable ridge-related faulting, of a strength-stratified lithosphere which consists of a mechanically strong surface plains unit that successively overlies a weak megaregolith and a strong lithospheric basement. Results show that a range of models with both rigid and deformable megaregolith-basement interface conditions yield solutions which can explain the ridge spacing within the constraint provided by the estimated thickness of the smooth plains materials. In models that incorporate viscous and plastic rheologies, uniform and exponentially varying vertical strength distributions, and the presence or absence of interfacial slip at the base of the surface plains unit, the ridge spacing is primarily controlled by the power law exponent of the lithosphere, the megaregolith/ plains unit thickness ratio, and the plains unit/megaregolith strength contrast. Deformable basement models with a viscous rheology (1 < n •< 3) can explain the ridge spacing if the megaregolith was thicker than and approximately 1-3 orders of magnitude weaker than the plains unit. Similar models with a perfectly plastic (n --> oo) rheology require plains unit thicknesses greater than 5 km, which exceeds most observational estimates. The dominant wavelength in the plastic models is not sensitive to internal strength contrasts and provides no constraint on the relative competence of the plains and megaregolith. Ridge spacing in the combined viscous and plastic models can be consistent with either a dry, water-rich, or ice-rich megaregolith at the time of ridge formation. If the ridge spacing was controlled primarily by the mechanical properties of lithospheric basement with little or no influence from the plains unit, then the minimum megaregolith thickness in the vicinity of the ridges must have been of the order of 0.4 km. The fact that ridges are most commonly found in the smooth plains but ridge spacing can be explained by models without a plains unit suggests that the unit may have facilitated the nucleation of reverse faults that are interpreted to characterize ridge structure but conceivably could have folded passively in response to unstable compression of the basement. In this study we develop and quantitatively evaluate a suite of tectonic models that relate the regular spacing of the plains ridges to the shallow internal structure of Mars. Our analysis consists of the following approach: We first formulate a range of general rheological models of the Martian lithosphere in the vicinity of the ridged plains. We then solve for relationships between ridge spacing and rheological structure using linear stability analysis for a horizontally compressing, multilayered medium. Finally, we use the observed spacings of the ridges in combination with estimates of plains unit thickness to constrain the vertical structure of the lithosphere. We demonstrate that a variety of simple mechanical models can theoretically explain the ridge spacing. We then consider several possible implications of the models for the structure and state of stress in the Tharsis region at the time of ridge formation.
INTRODUCTION
One of the fundamental pieces of information required for understanding the tectonic evolution of a planetary body is the mechanical structure of the lithosphere. On a regional scale, direct constraints on the mechanical structure can be obtained from the geometries of tectonic features on the surface. Wrinkle ridges are common tectonic features on Mercury, the Moon, and Mars and are frequently found in smooth plains units of these bodies [Strom et al., 1975; Trask and Guest, 1975; Schultz, 1976; Maxwell, 1978; Strom, 1979; Plescia and Golombek, 1986; Sharpton and Head, 1988; Watters, 1988a] . On Mars, the most prominent assemblage of plains ridges occurs in the Coprates and Lunae Planum regions in the smooth plains materials [Chicarro et al., 1985] . These ridges are believed to have formed due to compressional stresses associated with the response of the lithosphere to the Tharsis load [Banerdt et al., 1982; Maxwell, 1982; Sleep and Phillips, 1985; Watters and Maxwell, 1986 (Table 1) [Wise et al., 1979; Maxwell, 1982; Watters and Maxwell, 1986 ; T. R. Watters, Periodically spaced wrinkle ridges in ridged plains unit on Mars, submitted to Journal of Geophysical Research, 1990, hereinafter referred to as Watters, 1990] . In areas where the ridges display such patterns, their spacing can be used to constrain the structure of the martian lithosphere at the time the features formed.
In this study we develop and quantitatively evaluate a suite of tectonic models that relate the regular spacing of the plains ridges to the shallow internal structure of Mars. Our analysis consists of the following approach: We first formulate a range of general rheological models of the Martian lithosphere in the vicinity of the ridged plains. We then solve for relationships between ridge spacing and rheological structure using linear stability analysis for a horizontally compressing, multilayered medium. Finally, we use the observed spacings of the ridges in combination with estimates of plains unit thickness to constrain the vertical structure of the lithosphere. We demonstrate that a variety of simple mechanical models can theoretically explain the ridge spacing. We then consider several possible implications of the models for the structure and state of stress in the Tharsis region at the time of ridge formation. current information on the composition and competence of the lithosphere, as well as on the depth distribution of stresses responsible for ridge formation. Materials that comprise the ridged plains have been interpreted as basalt-like volcanic flows primarily on the basis of their morphologic similarity to lunar maria and the observed presence of flow fronts and wrinkle ridges [Carr, 1973; Scott and Carr, 1978; Greeley and Spudis, 1981; Scott and Tanaka, 1986] . On the basis of the lack of observed multiple flow lobes at unit boundaries, Greeley and Spudis [1981] have interpreted the ridged plains, in the classification of Walker [1972] , as simple flows that represent high-volume, single cooling units. Watters (1990) Another factor in support of a volcanic origin is that welldeveloped wrinkle ridges are also found within the calderas of many of the major Martian shields, where the fill material is almost certainly volcanic [Greeley and Spudis, 1981] .
Observations of sinuous rilles in association with ridged plains in Syrtis Major [Schaber, 1982] [DeHon, 1979] have been shown to underestimate the thicknesses of mare deposits on the moon by at least a factor of 2 [Head, 1982] . Possible sources of error in the estimation of thickness using flooded craters follow from the assumptions that (1) rim heights of measured fresh craters have not markedly degraded, (2) isolated measurements reflect regional averages, (3) all the measured craters predate the onset of resurfacing, and (4) the elevation of highland terrain underlying the resurfacing material is roughly uniform. Watters [1988a] for the Martian ridges. We model the initiation of the deformation using a continuum approach, in which the spacing of the ridges can be determined from the dominant wavelength that develops due to the growth of compressional instabilities. The instabilities grow due to the magnification of randomly distributed, small-amplitude perturbations along interfaces between layers of different mechanical properties.
Determination of the dominant wavelength entails solving the Navier-Stokes equations for plane, quasi-static flow for a compressing, theologically stratified medium. Because we are concerned with only the first increment of deformation, i.e., that prior to faulting, when the length scale of deformation is established, we require that the solutions obtained using this method must be valid to first order in the perturbing flow. The dominant wavelength, which is controlled by the thicknesses of the strong layers and other mechanical properties of the medium [cf. Fletcher, 1974; Smith 1975] , is determined by the wave number k or wavelength A at which the dimensionless growth rate q of the instability is maximized. For uniform horizontal compression, the growth rate is related to the vertical amplitude of a random perturbation, Ai(k, t), at the ith interface at time t by
where Ai(k , 0) is the amplitude of the initial perturbation and bxx is the mean horizontal strain rate. Compressional instabilities resulting in deformation with a dominant wavelength develop when the exponential term in equation (1) is greater than unity, in which case the magnitude of the initial perturbation amplifies with time.
This approach to modeling the development of periodic length scales of lithospheric-scale compressional deformation has previously provided useful information on the formation of wedge faults and duplex structures in terrestrial continental lithosphere [Davies and Fletcher, 1986] , the structure of the oceanic lithosphere in the vicinity of intraplate fold structures in the Central Indian Basin [Zuber, 1987a] , and the structure of the Venus lithosphere in regions where compressional tectonic features are found [Zuber, 1987b; Zuber and Parmentier, 1990 ].
We explore a broad range of possible deformational mod- A list of the important model variables is given in Table 3 .
MODELS
To reduce the number of free parameters in the problem, we nondimensionalize the results. For all models, layer thicknesses h are normalized by the thickness of the surface layer. We evaluate the competence of a given layer or half-space by defining a strength parameter r, which for a viscous material is a product of viscosity times the mean horizontal strain rate (r = 2tXgxx) and for a plastic material is the yield stress. The vertically averaged strength for a layer or half-space of uniform strength or the reference strength in a half-space of variable strength is normalized by the average strength of the surface layer; strength ratios are designated by the parameter R. Another parameter, designated S, is the ratio of the buoyancy force due to layer thickness variations normalized by the strength of the surface layer. Small S (--> 0) corresponds to the limit of a strong layer in which buoyancy forces due to variations in layer thickness are small in magnitude and do not influence the perturbing velocity field. Deformation of the layer occurs by flexural folding; i.e., the layer retains approximately constant thickness during bending. Large S (--> •) corresponds to the limit of a weak layer in which buoyancy forces contribute significantly to the pattern of flow. Deformation of the layer occurs by folding characterized by thickening beneath topographic highs [cf. Zuber, 1987a] . A list of dimensionless parameters and the models in which they appear is given in Table 4 . We wish to relate the dominant wavelength (ridge spacing) to physical parameters that define the lithosphere structure. [Clark, 1966] . In the case of Mars, higher strength contrasts are possible if the megaregolith was water- For the parameters assumed in Figure 4 , the solutions begin to deviate at h2/h] < 2 but yield markedly different dominant wavelengths only for h2/h • < 1. However, in the previous section we showed that solutions in the latter range could not explain the observed ridge spacing because they required unrealistically high internal strength contrasts. Because the dominant wavelength in the range h2/h• > 1 is largely insensitive to the deeper lithospheric strength stratification, we conclude that even if the theology and plains/ megaregolith strength contrast were well constrained, it would not be possible to distinguish between shallow and deep stress penetration in the vicinity of the ridges solely on the basis of theoretical models of ridge spacing. We return to this point later in the analysis. significantly influence the pattern of unstable flow. Figure 6 shows that a model with a weak plains unit can be consistent with the ridge spacing for a smaller lower limit of the e-folding thickness (a >• 0.5), and thus a thinner megaregolith, than the strong plains unit model. For large e-folding thickness (a >• 12), corresponding to a thick megaregolith, the medium is stable in compression; that is, deformation occurs by uniform horizontal shortening and a dominant wavelength does not develop. Thus lithospheric structures with a weak plains unit and a thick megaregolith (a -> 12) are unacceptable.
Variable-Strength Megaregolith

Surficial Megaregolith Model
In the fourth case the lithosphere structure consists of a weak surface layer that overlies a strong layer and a weaker half-space. The model corresponds to a weak, surficial megaregolith layer that is successively underlain by a strong lithospheric layer and a weaker lithospheric substrate. The 
Effect of Alternative Rheologies
In the solutions for models with a strong surface layer (models 1-3) discussed above, we assumed Newtonian (n = 1) or non-Newtonian (n = 3) viscous rheologies. We now investigate the effect of assuming instead a perfectly plastic rheology. In this case, R• represents the ratio of the yield strengths of the plains and megaregolith. Low values of R• are possible if both the plains and megaregolith were dry at the time of deformation. However, if the megaregolith contained liquid water [e.g., , then it may have been significantly weaker than the plains due to the reduction in yield stress associated with increased pore fluid pressure, and high values of R l would be applicable. Figure 8 illustrates results for model 1. Note that much smaller wavelength/plains unit thickness ratios characterize the deformation than in the viscous case, and consequently, larger plains unit thicknesses are required to explain the ridge spacing. Figure 8 indicates that the minimum plains unit thickness that can be consistent with the ridge spacing is approximately 5 km. Thus if the mechanical properties of the plains unit played a major role in controlling the ridge spacing and if the early stages of ridge formation were characterized by brittle deformation, then a plains unit thickness that exceeds most current estimates is required. In addition, as for model 4 above, the dominant wavelength is nearly independent of the magnitudes of internal strength contrasts. Therefore perfectly plastic lithosphere models cannot constrain the relative competence of the plains versus megaregolith at the time of ridge formation. In this case a dry, water-rich, or ice-rich megaregolith would have been possible.
Effect of Interfacial Slip
In all of the models discussed thus far, we have assumed that the interfaces between materials of contrasting theological properties are welded; that is, stresses and velocities are continuous across them. However, because the Martian megaregolith, at least at shallow levels, is weak and possibly contains a significant component of fractured or unconsolidated materials, it is possible that the early stages of deformation related to ridge formation could have been accompa- 
Summary of Models
An obvious outcome of the analysis is that a variety of simple mechanical models yield solutions that can explain the spacing of the plains ridges. In fact, none of the models that we have examined can be eliminated on the basis of ridge spacing alone. The general success of the models supports the hypothesis that ridge spacing was controlled by continuum folding of a strength-stratified lithosphere that occurred prior to the formation of faults believed to be associated with individual ridges. [1986] . We also find broader ranges of most model parameters than the layered plains unit models of Watters (1990) , which, for arbitrarily assumed numbers and thicknesses of layer interbeds, required a plains unit thickness -> 2 km, megaregolith thickness -> 1 km, and plains/megaregolith strength contrast -> 1000. The large minimum strength contrast in that model restricts the megaregolith to have been volatile-rich at the time of ridge formation, which is in contrast to our result that either a dry or volatile-rich megaregolith was possible. In addition, Watters' model implies that observations of ridged plains thickness of -• 2 km are not representative of the thickness in the vicinity of the regularly spaced ridges. In contrast, our models can be consistent with the entire range of measured plains unit thicknesses (Table 2) .
For all models we have endeavored to define a wide range of acceptable solutions by consistently attempting to incorporate liberal uncertainties in model parameters and observational constraints and by examining a variety of rheologies and boundary conditions. In addition, we have allowed for uncertainties due to admitted approximations in our representations of Martian rheological structure. We note that because of the generality of our approach, our best fit parameters can be simply refined as better geological con- 
Depth Penetration of Stresses
In three of the four scenarios that we examined (models 1, 3, and 4), ridge spacing can be explained by a lithosphere in which stresses associated with uniform horizontal compression penetrate into basement. Calculations for the support of Tharsis topography by membrane stresses imply a stressed lithosphere with a thickness much greater than the thickness of the plains plus megaregolith [Willemann and Turcotte, 1982; Sleep and Phillips, 1985] , which is consistent with our deforming lithosphere models. The plausibility of these models is also consistent with evidence that wrinkle ridges are observed in exposed basement in the Kasei Valles [Robinson and Tanaka, 1988] , and with recent results of Golombek et al. [1989] that significant depth penetration of compressional deformation may be indicated by measurements of shortening across ridges in Lunae Planum. The latter analysis suggests that planar thrust faults, which are presumed to be characteristic elements of ridge structure, extend to depths of several tens of kilometers. In the context of our analysis, the locations of basement faults would have been controlled by preceding folding.
A model of a compressing lithosphere with a rigid basement (model 2), which corresponds to thin-skinned deformation, can also explain the ridge spacing. On Earth, thinskinned tectonics is often associated with gravity sliding and generally occurs in response to regional stresses, rather than global stresses such as those responsible for Tharsis deformation [cf. Crittenden et al., 1980] . Topographic cross sections of a limited number of ridges in Lunae Planum have been derived using photoclinometry [Plescia, 1988] . Where they have been measured, north-south trending ridges have a higher elevation on the east, on the side away from the topographically high Tharsis dome [Golombek et al., 1989; B. Luchitta, personal communication, 1989] , which is the opposite configuration expected if these features formed due to gravity sliding. However, this trend should be interpreted with caution as photoclinometry has inherent problems in determining regional elevation changes. Thin-skinned compression may be associated with other mechanisms such as compressive plate boundary forces on Earth [Davis et al., 1983] or proposed plate convergence [Head, 1988] or crustal delamination [Turcotte, 1989] on Venus. However, these mechanisms are unlikely to have produced thin-skinned tectonics on Mars. Nonetheless, the existence of periodically spaced ridges in areas spatially removed from the influence of Tharsis (Watters, 1990) suggests that at least some ridges could have formed due to shallower, regionalscale stresses.
Lateral Variations in Lithosphere Structure
Because few of the reported measurements of ridge spacing are accompanied by error estimates (cf. Table 1 ), it is difficult to confidently distinguish the extent to which published differences represent measurement uncertainties or actual spatial variations in spacing. Recognition of the latter would be indicative of lateral variations in lithosphere structure, e.g., regional differences in the thicknesses of the plains unit or megaregolith, or the magnitudes of internal strength contrasts. The possible variation of ridge spacing with plains unit thickness could, in principle, be evaluated, if a sufficient number of flooded impact craters can be identified in the vicinity of regularly spaced ridges.
The spatial occurrence of regularly spaced ridges has implications for lateral variations in lithosphere structure and the nature of applied compressional stresses. For example, periodically developed ridges are common to the east and southeast of Tharsis but occur less frequently north and west of the province. This could indicate an asymmetric Tharsis stress distribution, in which stresses in some areas do not achieve the magnitude required for compressional instability growth. Alternatively, the absence of regularly spaced ridges may reflect a lithospheric structure that did not permit ridge development. A possible example of such a structure is a region without a surface plains unit. While our work has shown that the ridge spacing can be explained by unstable compression of a lithosphere without a plains unit (model 4), we note that compressional ridges both on Mars and the other terrestrial planets occur in most instances in plains materials [Strom et al., 1975; Trask and Guest, 1975; Schultz, 1976; Maxwell, 1978; Strom, 1979; Chicarro et al., 1985; Plescia and Golombek, 1986; Watters, 1988a] . This observation suggests that whereas the plains unit may not have been required for the establishment of the periodic length scale, it may have facilitated the nucleation of reverse faults that likely characterize ridge morphology.
Deeper Structure of the Lithosphere
Compression of a lithosphere that contains more than one strong layer can result in the development of multiple wavelengths of deformation [Zuber, 1987b] 
We simultaneously solve for the coefficients in the substrate (B3_4) and layer (A i_4) and the growth rate of the compressional instability q given in (1) under the conditions that normal stress is continuous and shear stress vanishes at the free surface, and stresses and velocities are continuous at the layer-substrate interface. The solution is determined using the method of static condensation described by Zuber et al. [1986] .
